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By Harry E. Bloomer 

A t  a f lWt Mach ntmber of 0.21 an& a t  approximately HMA standard 
temperaturea corresponding to  the simulated flight ooaditians,  the 
engine could be opmted  a t  a l l  engine speeds frm idling (2000 m) 
t o  rated (7900 r p )  a t   a l l  altit~des up t o  l5,OOO feet. Above 15,000 
feet,  the nvlr.tmm engine sped was limited by the mxinnm allovable 
tmblne-outlet temperature. The minimum sped was limited by  com- 
bustion blow-out a t  altitudes above 40,000 feet. A t  an altitude of 
50,000 f est, the engine could be operated only between englne speeds 
of' 4750 and 7400 rpm. A t  higher f1-t Wch numbers, limiting turbine- 
outlet tempratme muld oauee less reduction in m a x k m  engine speed. 
Engine w;inamillhg stark- characteristics  with AN-F-32 fuel w e r e  
poor w i t h  ei ther of the two types Clf spark plug used. With AN-F-48 
fue l  and lmg electrode spark plugs, hawever, the engine  could be 
s tar ted  a t  altitudes up t o  35,000 feet   a t   the  msxlmum willing 
speeds obtainable. The niainnm sped from which throt t le  burst 
accelerations could be made t o  rated speed increased frcan 5000 rpm 
at an al t i tude of 5OOO feet  to 6700 rp a t  30,000 feet. A throt t le  
burst acceleration f r a  an engine aped  of 7400 r ~ p n  to   ra ted speed 
a t  an altitude of 35,000 feet  reeulted in ombustion blow-out. The 
t h e  required t o  accelerate frcm an engine speed of 6000 rpm t o  rated 
speed Increased fram 5.5 seconds at &IS altitude of 5000 feet t o  8 
seconds a t  25,000 feet. 
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IVACA Lewis altitude w i n d  tunnel. The engine-perfommce chaxauter- 
istioe are preeentd in reference 1. 

Operational  characterietlce peented and discussed herein 
inolude engine operating range, starting,  altitude and airepeed 
canpenaatlan of the fuel regulator, and acceleration. The effect 
of chsnges in the  ignition  system 011 s t a r t i n g  chsracteristlce 
&re shown for  two  types of fuel.  Engine-wlndmilling data relevant 
to the  starting cbaraoterlertice are aleo presented. 

The 547 turbojet engine used In the  altitude-wind-tunnel 
investigation  has  a  sea-level  thruet  rat- af 5OOO pounds at an 
engine ape& of 7900 rpn  and a turbine-outlet  temperature of 
1279 F. The test  limit for turblne-outlet  temperature  during 
accelerations waa l6OO0 F. The engine (f lg. 1) hae a lz-etage 
aiel-f low capreasor, eight  cylindrical direct4 low-type  can- 
bustion  chambere, and a eingle-etage impulse turbine. A f ired-  
area exhaulst nozzle  wlth an outlet are8 of 280 quare inohee waa 
ueed during  moet af the  investigation. A variable-area exhauet 
nozzle w i t h  a maximum outlet area aP 452 square  inchee and a 
minimum outlet area Orp 288 equare inchee waa used in part of the 
englne-acceleration  inveetlgation. A more detailed Besoription 
of t he  engine I s  given in reference 1. 

Fuel  System 

The main cctnpnents of the engine fuel system (f lg. 2) 
include a fuel regulator,  a  multlplstan  variable-dieplaoement 
fuel pump, a f lcnr divider, fuel n~inffOld8, ard duplex fuel 
nozzles. Fuel l e  supplied  to  the main fuel pump by means of 
a booster pump. The control  system  regulates  the engine by 
modulating  the f u e l  flow in response to  changes In throttle 
eettlng, engine speed, and compreesor-outlet pressure. These 
three  variables are used by the regulator to produce the vari- 
able oil pressure from the conetant-control  oil pressure, which 
I s  generated by a -11 gear-type pump in  the  regulator. The 
varlable-control o i l  pressure in turn govern the  displacement 
c8 the main fuel paup and thereby determines t h e  englne fuel 
flow. A wise-range speed governor wfthin t he  regulator,  which 
operates effectively at engine speeds above 3000 rp, maintaina 
constant engine epeed for a given  throttle  position  at all 
stabilized  flight  conditions and also provides overepeed protection. 
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- A t  engine speeds below 3000 rpn  (starting speed range), 
flow is controlled by manual operation Cce the stopcock. 

cc 
m 
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the fue l  

;i 
rl The engine throt t le  schedule is presented in figure 3. The 

curve obtained at an altitude of 5000 f e e t  in the  tunnel  investi- 
gation is approximately the sane 88 the  manufacturer*s  estimated 
throt t le  schedule,  except f o r  the limits of stopcock operation. 
The range of stopcock operation wae Oo to 23O throttle-traverse 
angle In the tunnel investigation, whereas the manufacturer*s esti- 
mate was Oo t o  19O. At an altitude of 45,000 feet ,  an engine  speed 
of 7000 rpn was found to be sl ight ly  below the range of regulator 
operatian at a throttle-traverae angle of 23O. 

The fuel discharged frm the main pump passes through an 
o i l  cooler  into  the flow divider, which controls the  relation 
between the fue l  flow to  the l a rge -  and small-slot manifold of 
the duplex nozzle system in accordance w i t h  a predetermined 
pressure-f low schedule. Each canbustion chamber contains a 

A t  the low fuel flows that acccanpany the starting process a d  
operation at hi& altitudes, a l l  the fuel f lowa through the small 
slots ,  which are designed t o  provide a g o d  spray pattern at the 
low fuel  pressures. As the  fuel-f low requirements of the engine 
increme, fuel proportioned by the flow divider is injected 
throu& the large-a lot element of the nozzle  . Upon engine shut - 
down, the  fuel is drained from t h e  fuel-nozzle manifolds through 
a solenoid-operated  valve. The engine is also equipped w i t h  an 
emergency fue l  system. 

- duplex fuel  nozzle that has a small-s lo t  and a large-slot element. 

Ignition Syetem 

The engine ignition system consists of two 20,000-volt 
vibrator coils and two spark plugs. The vibrator  coils  are 
mounted on the upper half of the canpressor casing and the spark 
plu@ are  inetalled i n  diametr~cally-opposite  canbustion chambers 
(2 and 7). The spark-plug  electrodes  are  located  within  the 
design  spray cone of the  fuel  nozzles.  Ignition  in  other con- 
bustion chambers is accmplished through interconnecting  cross- 
f i r e  tubes. During the  investigation of starting  characteristics, 
the standard spark pluge were replaced by spark plugg w i t h  longer 
electrodes  but  the s'ame gap sett ing  (fig.  4). 

- Lubrication System 

In  this investigation o i l  was supplied t o  the engine from .. a 200-gallon tank located outside  the w i n d  tunnel. Part af the 
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inlet o i l  supply 1s pumped through the fuel  regulator by an oil -  
pump el&& of the main fue l  pump. The remaider of the o i l  r 
passee through the main o i l  pump and is used to  lubricate the bear- 
In@, the gears, and the aucessory caee. The main sump o i l  is 
scavenged by a separate pump an8 the accessory c-e o i l  ie scavenged 
by an element of the main lubrioebting o i l   p p .  On the return flow 
to   the  supply  tank, o i l  scavenged frcun the main pump parssea through 
or around the oil oooler, depending on the position of the  thermo- 
s t a t i c  overp?essure by-paes valve located a t  the oil-cooler In le t .  
Oil conforming to  specification AAF 3606 was used during the entire 
altitude-wind-tunnel  investigation. 

w 
(0 
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msTALLA!c1oIv AND PRocmuRE 

!the engine was installed on a w i n g  spanning the  test  section 
of the altitude w i n d  tunnel (fig.  5 ) .  During moet af the investi- 
gation, dry rafrigerated  air was supplied t o  the engine fran the 
tunnel make-up air system through a duct connected to the engine 
inlet by means af a frictionlees  sl ip  Joint.  The air flow through 
the  duct vas throttled frm approximately sea-level pressure t o  a 
total pressure at the engine in le t  corresponding to  t he  desired 
flight speed at a given altitude. When engine-acceleration  character- 
i s t ics  were investigated, a 5 - f O O t  section cxf the  inlet-air  duct 
forwgud of the englne in le t  WBB m o v e d  and air was supplied to  the 
engine directly from the wind-tunnel t e s t  eection. 

" 

Engine operat ikl   oharacter ie t fcs  && inveetigated over a 
range cf altitudes frcan SO00 t o  50,000 feet and ram pressurea 
correspondfng t o  flight Mach nmbere from 0.10 to 1.10. Inetnrmen- 
tation for measuring pressurea and tamperatures was installed at  
several stations in the engine (fig. 1). - 8 S W S  were measured 
by alhszene and mercmy manometers and were photographically 
recorded. Tamperatures were measured and recorded by two self- 
balanoing potentiometers.  Fuel and o i l  pressures were measured. by - 
aircraf t  selsyn peesure gages. Engine a p e d  was measured by means 
of' an aircraft  tachometer and a etrobosoopic tachaaaeter. The engine 
control panel was photographed with an aerial recarmaiseanoe camera 
at  intervals from 1 t o  3 seu3onde t o  provide time histories of engine' 
dsta clurlng acmlemtiollPJ and etarts. 
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RENJEPS AND DISCUSSION 

Operating range. - The varl8tion of the operable  range of 
engine speeds with altitude at a f list Mach  number of 0.21 is 
sham i n  figure 6 .  The engine  could be operated at a l l  speeds 
from idling (2000 rpn) to rated speed (7900 rpn) at altitudes 
up t o  15,000' feet .  An increase in altitude above 15,000 feet  
resulted in an increase in  the exhaust-- temperature and 
thereby  forced a reduction in the maximum engine speed dictated 
by the maximum allowable exhaust-gas temperature ( 1 2 7 9  F). A t  
an altitude of 50,OOO fee t  the maximum temperature-limited engine 
speed waa approximately 7400 rpn. Stable steady-state operation 
a t  an engine speed aF 2000 r p a  was obtained at altitudes up t o  
40,000 feet .  An increase in altitude above 40,000 feet  resulted 
in an increase in  the minimum operable engine- speed, which waa 
limited by combuetian  blow-out. As a result  of' these  limitations, 
the operable rmge of engine speeds at 50,000 feet  xas f ran 4750 
t o  7400 rpn a t  a f l lgh t  Mach  number of 0.21. The maximum engine 
speed at altitudes above 15,000 feet  would be increaeed by an 
increase in flight Mach number above 0.21 because of the reduction 
in exhaust-gas  temperature, ae ahom in reference 1. 

Starting characteristics. - Altitude starting characteristics 
of the engine were inves ttgsted using the stand& short  electrode 
8park plugs w i t h  a gap of 0.165 inch and epecial spark plug8 with 
longer electrodes than the standard spark plug but the 8- gap 
sett ing ( f ig .  4) .  Fuels conforming t o  epecificatione AN-F-32 szld 
AN-F-48 were used in c m j m t i o n  with  both typee af spark plng. 
Desired windmilling speeds were obtained by varying the ran *ea- 
sure  ratio at the engine inlet .  The relation between the xindmilb 
ing speed a d  the  equivalent airspeed (defined in appendix) is 
presented in figure 7 .  Af'ter ignition was obtained in the  caibwtion 
chambers, acoeleration x88 ueually helped by the starter and by 
increasing the ram pressure ratio to t h e  engine inlet .  

Windmilling starting data obtained  over a range of altitudes 
and engine windmilling speeds w i t h  AN-3'-32 end AN-F-48 fue l s  are 
shown in figure 8 .  W i t h  AN-F-32 fuel  (fig. 8(  a )  ) the engine  could 
be started at all windmilling speeds up t o  the maximum obtainable 
a t  an altitude of 5OOO feet .  A t  15,000 feet  the ma~cimum w i m l m i l l i n g  
start ing epegd was apprcocimately 2000 rpn fo r  both  types of spark 
plug. A n  increase in altitude above 15,000 feet  reeulted in a 
decrease in maximum w i n a m i l l i n g  starting speed; so that at  an 
altitude of 25,000 feet ,   start ing was marginal at a w i l a d m i l l i n g  
speed of approximately 1000 r p u  with  the standard plugs ani a t  
1500 rpn with the longer e lec t rob  plugs. A t  an altitude c& 
35,000 feet,  i-ition was obtained in  three ccanbuation  chambers, 
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but the engine could not be accelerated frcun the  start ing speed 
even with an increase in airspeed simulating a dive. In general, 
the starting characteristics of the engine wing AR-F-32 fuel 
were por with either type of spark plug. 

The starting characteristics of the engine using AN-F-48 f u e l  
and standard spark p l u s   ( f i g .  8(b) )  were approrimately  the same .ae 
those obtained w i t h  A"F-32 fue l .  Starting  characteristics with 
AN-F-48 fuel and the longer  electrode  plile;~, however, vere c o ~ i d e r -  
ably better than  with AN-F-32 fuel. Successful starts were obtained 
a t   the  maximum obtainable windmilling speeds at altitudes up t o  
35,000 feet .  One successful start waa made a t  an alt i tude of 
45,000 feet and an engine speed of 4650 rpn, but a l l  other attempte 
t o  start the engine at this altitude failed. The al t i tude waa then 
decreased t o  25,000 fee t  and the engine w a s  successfully s t e e d  
at a  windmilling speed c$ 4850 rpn. 

S ta r t ing   ch~c te r i s t i c r s  of a turbojet engine are affected 
by the temperature, the pressure, and the  velocity of the air 
entering  the cambustion  chambere. The most favorable  conditione 
for iepiting and burning a cmblletible mixture in the combuation 
chambers exiate when the  inlet air  velocity is low and the pres- 
s u r e  and the temperature are high. The cambustion-chamber-inlet 
temperature m essentially conatant throughout the investigation 
because the  engine-inlet temperature was held at 500° F. Engine 
windmilling data presented in  figure 9 show the decrease in  
cmpreesor-outlet  total pressure 88 the alt i tude wae increaaed. 
Windmilling data axe ala0 presented (fig. 10) t o  show the  increase 
of compressor-outlet velocity  with engine speed independent of 
altittfie. Thia decreaae in  pressure with increwing  altitude and 
increase in velocity with lncreaaing w l n d m i l l i n g  speed tends t o  
limit the  start ing range of the engine t o  low altitudes card low 
windmilling speeds. 

Altitude and airspeed canpensation. - A t  a constant erngin0 
speed, t h e  air  flcw through a turbojet engine varies wfth 
changes i n  altitude and akpeed. Some m&Planism muet theref ore 
be provfded t o  varrg the fuel flow I or a given throttle set t ing 
t o  maintain constant engine speed. The e w n e  f u e l  regulator is 
designed t o  seme changee in compressor-outlet pressure and t o  
make the required adJwtment in  fuel flow. Thue, if the cmpreaeor- 
outlet p a s u r e  should decrease due to  an increase in altitude or  
a Uecreaee in  fliat epeed, the f u e l  regulator would reduce the fuel  
flow at a omtan t   t h ro t t l e  setting. 
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- The altitude cnmpeneation characteristics of the fuel regulator 

m . airspeed of 100 miles per hour, a conatant cmpressor-inlet tempera- 

were investigated by simulating climbs and dives between altitudes 
of 5000 and 45,000 feet a t  a constant  compressor-inlet  indicated 

ture of 500° R, an13 a constant throttle  setting. The effectiveness 
of the  regulator  altitude canpeneation is shown in  f igure 11 by the 
effect of changes in altitude cm engine speed, variable-oontrol o i l  
pressure,  regulator  sensing  pressure,  emall-slot fuel pressure, apd 
turbine-outlet gas temperature. 

F 

d 
rt 

A slmulated climb waa atarted st 5000 fee t  at an engine speed 
of 7000 rpn with t h e  thrott le locked in position at 67' aril was 
telminated at an altitude d 45,000 feet During the climb, the 
engine speed increased gradually t o  a f ina l  value of 7200 rp .  The 
variable-control o i l  preeeure and the small-elot fue l  pressure 

The turbine-outlet temperature gradually increased f gau 1270° R 
at an altitude of 5000 f ee t   t o  a final value of 1470 R at an 

t o  5000 feet ,  the en@;me ewed returned t o  7000 rp. The other 
engine variables  returned to  the  original values  along  t.he curves 
established in the simulated  climb. The englne speed was then se t  
at 7000 rpn, with the  thrott le locked in positicm at 23O at an 
altitude of 45,000 feet ,  and a simulated dive was made t o  an alti- 
tude of 5000 feet .  The engine speed decreased ae the  altitude was 
decreased ardl reached a final value of 3600 rpn at an altitude of 
5000 feet  . The varierble-control o i l  pressure snd the   small-~lot  
fuel  pressure remained constant, which in5icated that the stopcock 
and not the  regulator WBB controlling  the f u e l  flow (fig. 3). When 
the altitude was inoreased to 45,000 feet, the engine speed increased 
t o  the or ig lna l  value of 7000 rpn. 

.. decreased in the eane manner the  regulator  sensing  pressure. 

- altitude of 45,000 feet  . When the altitude was decreaered f ran 45,000 

One simulated  dive was made  fram an altitude of 45,000 f ee t  
at a canpressor-inlet  temperature ~f 437O .R, an i n d i o a t d  airspeed 
of 200 miles per hour, aad an engine-speed sett ing of 7900 rpn w i t h  
the thrott le locked in  position at 90'. As the  altitude was 
decreased., the inlet  air temperature  increaeed szld reached 518O €3 
at an altitude of 5000 feet .  The variation of several englne varb 
able8 w i t h  altitude  ror this  simulated dive is preeented i n  figure 12. 
The engine fue l  flow was controlled by the fuel regulator snd the 
engine speed dropped apwoximately 100 rpm. 

The airspeed canpeneation characteristios of the engine fuel 
regulator were investigated at canetant thrott le  eett lng f o r  a 
range of Indicated airepeede frcm 50 t o  approximately 550 miles - 
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per hour at an altitude of 25,000 feet .  The affect of chaagee in 
airspeed on the engine variables are s h m  in f igure 13 fo r  engine- 
speed s e t t i n s  of 7895, 7500, an8 6993 -. AB the iradicated air- F 
eped waa increased frcm 50 t o  535 miles per hour, the engine speed el 
remained almmt  constant f o r  the 7895 and 7500 rpn settinga. For 
the 6993 r ~ m  setting,. the englne speed dropped approximately 150 rm 
over the s m e  range of' airepeede . The small-slot fuel pressure and 
the variable-control oil preseure increased in the 881118 manner as 
the  regulator eensing preesure at each engine speed. Aa the 
airspeed was raised, t he  turbine-outlet temperature dmrea8ed at 
each engine-speed ee t t i ng  awing t o  t h e  reduction in fuel-air   ratio 
(reference 1). When the imfioated airspeed was again reduced to 
the original value of 50 miles per hour, the engine variables 
returned to  the  origlnal values w i t h  no signifiaant  hysteresis. 

- 

Engine acceleration. - A l l  acaeleration data presented herein 
were obtained by advancing tbe throt t le  as rapidly as possible 
between a epecified i n i t i a l  and final m i t i o n ,  which l e  referred t o  
a8 %hrottle b m t "  ameleration. The minimum engine speed fmm 
which a successful  throttle burst acceleration t o  f u l l  speed was 
possible without  encountering  caubustlon bluw-out or  excessive 
exhaust-gas tempemtme ie shown i n  figure 14 68 a function c& 
al t i tude.  The minimum speed increased linearly f r a n  a value cff 
5000 r p n  at an altitude of so00 feet to 6000 rpn at 25,000 feet. 
A further  incresse in altitude to 30,000 feet raised  the minimum 
speed t o  6700 rpn. A throt*le  buret  acmleration fmm an engine 
speed of' 7400 rpn at 8z1 altitude aP 35,000 fee t  resul ted in can- 
bustion blow-out. With a variable-mea exhaust nozzle installed on 
the engine, a successful  throttle burst acceleration waa made at an 
altitude of 5000 feet  frm an engine speed uf 3000 rp~, as compared 
with a minimum speed of 5000 r p n  for the fired-area exhaust nozzle. 
During the  acceleration, the outlet mea of the variable-area 
nozzle YBB autoraatiaally governed by an expenzfmentd. control syetern 
provided by the engine manufacturer. T h e  histories of these two 
accelerations are presented in figure 15. The mean aoceleration 
rate  wa8 approximately 500 r p n  per secoad with  the  variable-area 
exhaust nozzle and 375 rpn per seoond with the fixed-area exhaust 
nozzle. 

The variation 09 several e m n e  variables w i t h  time I s  ahown 
in f igure 16 for altitudes a9 5000, 15,000, sn8 25,000 fee t  . A t  
each altitude the in i t i a l  engine speed waa 6000 rpn and the   throt t le  
was advanced t o  f ull-speed position in spprozimately 1 secod. The 
time required to  reach rated engine ape& (7900 rpn) lncreaaed with 
altitude frcan 5.5 eeoonda at 5000 fee t  t o  8 seconds at 25,000 feet . 
The acceleration time increased aa the altitude w89 raieed beoauae 
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the engine air flow we8 decreased by the  reduction  in air density 
while the inertia of the rotating PEbITfjs of the engine remained 
constant. The equivalent  tPue  airspeed f o r  the  three  altitudes 
sham wa8 r,ot constant. The effect of changes in airspeed on 
acceleration  ckarwteristlcs, however, is 'sham to be negligible 
i n  figure 17 for   the range of airspeeds investigated. The engine 
waa accelerated fram 6500 rpn t o  rated speed at an alt i tude of 
25,000 feet and true airspeeds of' 88, 138, and 244 miles per hour. 
The time required t o  accelerate  to rated speed was not  applreciably 
a9f ected by changes in  airspeal. A change i n  airspeed frcen 88 to 
244 miles  per hour increased  the time t o  accelerate  to rated speed 
by 1 second. The characteristics of the engine are such that th8 
exhaust-gas  temperature  decreased  with an incream in airspeed. 

The vsriatian of engine variables with time for   th ro t t le  burst 
accelerations t o  rated engine speed frau different   ini t ia l  engine 
speeds is shown in figure 18 for an altitude at 25,000 f ee t  and a 
true airsp8ed of' 240 miles per hour. The tfme required t'o 
accelerate  the engine to  rated speed frm i n i t i a l  engine speeds 
of 5500, 6000, and 6500 rp was 11, 9.5, and 8 seconds, reepec- 
tively. At an acceleration time af 3 seconds, the mal l - s lo t  fuel 
pressure w88 t h e  s m e  f o r  each acceleration. A t  an engine speed 
of 7250 rpm, however, for each acceleration  the  small-slot  fuel 
pressure began t o  increase, reached a peak Bahze at about 7750 r p '  

and then decreased t o  a  steadg-state  operating value at rated speed. 
The exhaust-gas temperature followed a similar pattern. This 
characteristic is associated with the response of' the  regulator  to 
engine speed and cmprossor-outlet pressure. 

.I 

A t  and above an altitude of 30,000 feet,  the rsnge cd? engine 
speeds frm which throt t le  burst accelerations could be made waa 
very limited (fig. 14). An effort w a s  made a t  various i n i t i a l  
engine speeds t o  find the m ~ ~ i m u m  throt t le  advance angle permitted 
f o r  a throt t le  burst acceleration without encountering cabustion 
blar-out. The data obtained 'in th i s  part af the  investigation are 
presented in  figure 19. The maximum allowable throt t le  advanoe 
angle was determined fn the f ollowing manner: Accelerations were 
made t o  7900 r ~ p a  frm successively lower engine speeds un t i l  
cabustion  blm-out waa encaunt&-ed. A throt t le  burst  acceleration 
t o  rated speed was then made fran an initial engine speed approxi- 
mately 200 rpm h i a e r  than the blow-owb-limfted initial engine 
speed and a time his tory wa8 taken. Thus, at 821 altitude of 
30,000 feet, a successful t h r o t t l e  buret  acceleration to rated. 

' 6700 rpn. With 6800 rpn as the final engine speed, the initial 
engine speed was again reduced unt i l  blow-out oocmed  during 

- engine speed could be made frcm in i t f a l  engine speeds above 

- acceleration. A successful  throttle burst acceleration could be 
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made fran an inltlrtl engine speed at' 6200 rpn t o  a f-1 a p e d  of 
6800 rpn. An initial speed of' 6000 rpn for acceleration t o  a f ina3 
speed of 6400 rpn  was determined by the sene method. The vertical 
distance between a  line connecting the maxlmum allowable throt t le  
position and a line through the minimum initial engine epeed point8 
represents  the maximum throttle advame angle f o r  sucoessful  throttle 
burst acceleration f o r  a given i n i t i a l  engine sped; the horizontal 
distance between the two lines represents the speed range through 
which the engine could be safe ly  accelerated. For example, a t  an 
altitude of 30,000 feet and an i n i t i a l  engine speed of 6600 rpn, 
a sucoeesful thrott le burat  acceleration could be made t o  a fln&l 
engine speed of 7700 rpm. For the conditions iwestigated, the 
time required t o  accelerate from each i n i t i a l  engine speed t o  the 
mrueimum erllowable engine speed waa approximately 9.5 80conaEl . 

Turbine shroud. - During the investigation of the 547 engine 
in the  altitude w i n d  tunnel,  interference between the turbine-blade 
tipa and the shroud encashg the  turbine  rotor w 8 ~  experlenoed 011 
several occaeiona (fig. 20) . W i t h  the ini t ia l ly  recc0unended blade- 
t i p  clearance of 0.040 inch, fnterference waa noticed after  relatively 
short periods of operation. An increase i n  the olearance t o  0.060, 
88 recanmended by the manufacturer, pexmitted intexference-free 
operation for 1-r periods ctf time. 

Interference between the blade tips and the Bhraud waa not 
a l w a y s  detectable during operation in  that no euaden change in  
exhaust-gaa temperature, engine speed, or  vibration  reading 
occurred. In some cases, however, epa;rh were observed In the 
exhaust Jet . After shutdown 'the mne would not windmill even 
at the hfgbest airspeeds obtainable. Clearances were checked 
and were found t o  vary greatly around the periphery of the turbine- 
blade tip. In a l l  caeea the shroud ring waa soored, but the 
turbine blades were not appreciably damaged. 

The following results were obtained fram an investigation & 
the operational  characterietioe ctf a J47 turbojet engine in the 
NACA W altitude wind tunnel: 

1. W i t h  the standard e&auet-nozzle area of 280 square imhw, 
the engine mul& be operated at a flight Maoh number of 0.21 at all 
engine speeds frcm idling (2000 r p )  t o  rated speed (7900 r p n )  at  
altitudes up t o  15,000 feet . At altitudes above 15,OOO feet, the 
maximum engine a p e d  waa limited by the maxirmnn allowable duumt- 
gas tmperature. The minimum engine speed a t  altitudeer above 
40,000 feet was Limited by ccenbustion blow-out. A t  as altitude of 
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- 50,000 feet ,  the engine could be operated only between engine 
speeds of 4750 and 7400 rpn. 

cn cc 

d 2. mine-starting  characteristi- w i t h  AK-F-32 fue l  and 
either standard or long electrode spark plugs w e r e  poor. Start- 
ing wa8 m a r g i ~ l  at an alt i tude of 25,000 feet  at windmilling speeds 
of approximately 1500 rpm. With AN-F-48 fue l  and high-altitude 
spark plugs, however, the engine could be started successfully at 
altitudes up t o  35,000 fee t  at the maximum w i r d m i l l h g  speeds 
obtainable (4900 rpn). 

3. The altitude cnmpeneatian of the fuel regulator waa satis- 
factory  for  throttle position8 greater than 19O, where the fuel 
regulator and not the stopcock regulated the fuel flaw. The air- 
speed can-peneation of the fuel regulator WBB satisf actory for   the  . range of f l igh t  conditions  investigated. 

4. The min imwn speed fran which throt t le  burst accelerations 
could be made without  encountering  canbustion blow-out or  excessive 
turbine-outlet temperatures increased from 5000 rpn at an alt i tude 
of 5000 f e e t   t o  6700 rpm at 30,000 feet .  A throt t le  b m t  
acceleration f m  an e@ne speed of 7400 fp at 811 altitude of 
35,000 feet  reeulted in canbustion blow-out . At an alt i tude of 
5000 feet ,  8 throt t le  burst acceleration frcm 3000 r-p t o  rated 
speed was possible with a variable-area exhaust nozzle. 

5. The time required to accelerate the engine frm 6000 rpn 
t o  7900 r p n  increased from 5.5 seconds at an altitude of 5000 fee t  - 
t o  8 secorde at 25,000 feet .  Changes i n  airspeed had no appreci- 
able  effect on acceleration time f o r  the rmge of conditions 
investigated. 

6 .  A t  an alt i tude aP 30,000 feet  and engine speeds below 
6700 rpn, the maximum permies,ible throt t le  advance angle f o r  
th ro t t le  burst accelerations w&8 a function of the initial engine 
Speed. 

Lewis Flight Propulsion Laboratory, 

Cleveland, Ohio, 
National Advisory Committee for Aeronautics, 
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The folloving symbols are wed i n  thie repart: 

A cms-eectional mea, eq f t  

g acceleration due t o  Savity,  32.2 ft/8ec2 

N engine speed, r p n  

P t o t a l  preseure, lb/eq f t  absolute 

p static pressure, lb/aq ft absolute 

R Constant, 53 -3 ft-lb/(  lb)(%) 

T total tenprature, OR 

Ti indioated teenperatme, % 

t etat ic  temperature, OR 

v veloctty,  ft/sec 

Wa air flaw, lb/sec 

y ra t io  of speoifio heate 

8 ratio of to t a l  pressure at engLne inlet to absolute preseure 
of' HACA standard atmosphere at 888 level 

8 ratio ctf to ta l  temperature at engine in le t   to  absolute tempera- 
ture of NACA etadard atmusphere at 8ea level 

Subscripts : 

0 f ree-air streem 

1 englne inlet 

. 

3 ocenpreseor outlet 

e equivalent 
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where 
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A f r - f  low values obtained frcm measurements at the engfne-Met 
station agreed within approximately 1 peroent wfth thoee obtained 
fram the measuresnents at the exhaust nozzle. 

1. Conrad, E. William, and Sobolewakl, Adam E. : Altitude-Wind- 
Tunnel Investigation of 547 Turbojet-Ehglne PerPomance. 
NACA RM ESG-09, 1949. 

2. Prince, William R., and Jansen, Emmert T. : ~Altitude-WM- 
!Funnel Investigation of Carpreesor PerPmnance on 547 Turbojet 
Engine. M C A  RM ESG28, 1949. 
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Altitude-wind-tunnsl results 
for altitude of 5000 feet 
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0 2000 4000 6000 8000 
Engine speed, N, r p m  

Figure 6. - E f f e o t  of altitude on operable range of engine speeds. 
Flight Mach nuniber, 0.21; exhaust-nozzle outlet area,  280 square 
inches . 



l5,ooo 
25,000 
35,000 
45,000 6'ooo t- 

P 

. . .  ... .. . 

. , L6T.7: 



- NACA RM E9126 25 

. 

35,000 

25,000 

5,000 

0 Start ' 

p s ta r t  w f t h  starter assist 
No start 

I 

0 1000 2000  3000 4000 So00 
Windmilling apeed, N, rpm 

(a) AN-F-32 fuel; exhaust-nozzle-outlet area, 280 square inches. 

Figure 8. - Effect  of  altitude and rindmilling speed on engine 
starting charaoteristios. Engine-inlet temperature, approxi- 
mately 40° F. 
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W i t h  standard spark plugs 

0 Start 
P Start w i t h  starter asaist  
0 No s t a r t  

With long eleutrode epark 
Plugs 

0 Start 
No start - 

45 , 0130 1 - I 
I .I 

I. .. 
Conbustion chaaibers 

ignited, no aoceleration 
35,000 Y 

.P 
k 
.I 

$ 25,000 --------- 
4 
4J 
b-l 

1 
4 Maxirmud w i n d -  

, milling speed 
15,000 

5 , 000 
0 1000 2000 3000 4000 5000 

Windmilling speed, N, rpm 

(b) AN-F-48 f’uel; exhaust-nozzle-outlet area, 288 square inches 
w i t h  atandard spark pluge and 280 square lnches . w i t h  long 
electrode epark pluge, 

Figure 8. - Concluded. Effeot  of altitude and rindmillkg speed 
op engine startigg charaaterietios. Engine-inlet temperature, 
approximately 40 F. 
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Engine windmflling  speed, N, r p m  

Figure 9. - Variation of compressor-outlet total pressure w i t h  
windmilling  speed at altitudea f r o m  5000 to 45,000 feet. 
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0 1000 2000 3000 4000 
Engine rlndmilling apeed, N, 

Figure 10. - Variation of compressor-outlet  velocity 
w i t h  engine rindmilling speed at altitudes from 5000 
to 46,000 feet. Exhaust-nozzle-outlet 81-88, 280 
square inches;  engine-inlet temperature approximately 
40' Fa 
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3000 4000 5000 6000 7000 8000 
w i n e  speed, N, rpm 

Figure 14. - Variation with altitude of minimum engine speed f o r  
throttle bW8t aooelerationa t o  rated engine speed. 



NACA RM E91 26 33 



34 NACA RM E91 26 



NACA Rh4 E9 I 26 35 

. 

1 

. 



36 NACA RM E9126 . 

ea00 

P 

5 
. moo 
P 

. 

" 



NACA RM E91 26 . . . . 37 . 



38 N ACA RM E9 I 26 . 
t 

Stator 
blade- i 

- 11" 
8 - I  

L 0 . 0 5 "  - 0.07" 

/"Rotor blade 

diek 

Blgure 20. - Sectional view of turbine showing principal dimensione. 




